Protein kinase B (PKB/Akt) is a well-established regulator of several essential cellular processes. Here, we report a route by which activated PKB promotes survival in response to DNA insults in vivo. PKB activation following DNA damage requires 3-phosphoinositide-dependent kinase 1 (PDK1) and DNA-dependent protein kinase (DNA-PK). Active PKB localizes in the nucleus of g-irradiated cells adjacent to DNA double-strand breaks, where it colocalizes and interacts with DNA-PK. Levels of active PKB inversely correlate with DNA damage-induced apoptosis. A significant portion of p53-and DNA damage-regulated genes are misregulated in cells lacking PKBa. PKBa knockout mice show impaired DNA damage-dependent induction of p21 and increased tissue apoptosis after single-dose whole-body irradiation. Our findings place PKB downstream of DNA-PK in the DNA damage response signaling cascade, where it provides a prosurvival signal, in particular by affecting transcriptional p21 regulation. Furthermore, this function is apparently restricted to the PKBa isoform.
INTRODUCTION
Induction of DNA strand breaks activates and integrates an extensive network of cellular responses (reviewed in O' Driscoll and Jeggo, 2006) . These are critical for sustained viability in the face of a genotoxic insult. The recruitment of DNA damage signaling and repair proteins to sites of genomic damage constitutes a primary event triggered by DNA damage (reviewed in Rouse and Jackson, 2002) . DNA-dependent protein kinase (DNA-PKcs), ataxia telangiectasia-mutated kinase (ATM), and Rad3-related kinase (ATR), all members of the PI3-kinase (PI3K)-like family of kinases (PIKKs) are recruited directly to sites of DNA damage in a similar manner (Falck et al., 2005) . Consequently activated, they amplify and convey the signal from the damaged DNA to DNA-repair and cell-cycle machineries, such as the p53 pathway (reviewed in Khanna and Jackson, 2001) , thus supporting survival. Importantly, DNA-PK, ATM, and ATR were shown to each occupy distinct nuclear subcompartments after DNA damage, namely unprocessed double-strand break (DSB) ends, DSB-flanking chromatin, and single-strand DNA (ssDNA) microcompartments, respectively. This may to some extent explain their overlapping versus diverse functions and choice of substrates (Bekker-Jensen et al., 2006) .
One central regulator of cell metabolism, survival, and proliferation is the AGC family Ser/Thr kinase protein kinase B (PKB/Akt) (reviewed in Brazil et al., 2004) . Given the vital roles of the three PKB isoforms PKBa, PKBb, and PKBg in normal physiology and development, their deregulation has not unexpected consequences in pathology and tumorigenesis (reviewed in Dummler and Hemmings, 2007) . Thus regulation of PKB activity is very stringent. After mitogen stimulation, PKB is fully activated following phosphorylation of two key residues. Thr308 in the activation loop is phosphorylated by 3-phosphoinositide-dependent kinase 1 (PDK1) (Alessi et al., 1997) . Ser473 in the C-terminal hydrophobic motif (HM) has been shown to be a target of the mammalian target of rapamycin complex 2 (mTORC2) (Sarbassov et al., 2005) , another PIKK family member; however, its effects on PKB regulation have been studied so far only in the context of hormone/growth factor signaling or development (Shiota et al., 2006) . PKB Ser473 is also phosphorylated in response to various genotoxic treatments (Tan and Hallahan, 2003) . Several components of the PI3K-PKB pathway have been reported to be phosphorylated in the DNA damage response (Matsuoka et al., 2007) . Just how the signal from damaged DNA activates PKB remains to be elucidated. We and others have identified DNA-PK as an efficient PKB Ser473 kinase in vitro and in vivo. DNA-PK-mediated phosphorylation of PKB Ser473 results in $10-fold enhancement of PKB kinase activity (Feng et al., 2004a) . Stimulation of bone marrow-derived macrophages (BMDMs) from mice lacking the catalytic subunit of DNA-PK (DNA-PKcs) results in defective phosphorylation and activation of PKB by CpG-DNA (Dragoi et al., 2005) .
DNA-PK holoenzyme consists of the catalytic subunit (DNAPKcs) and the Ku antigen complex (KU70/80) (Suwa et al., 1994) . Its activation at the DSBs and its proximal position in the DSB signaling cascade provide a setting for it to function as the PKB upstream kinase in the DNA damage response. With this study, we propose that DNA-PK regulates PKB by hydrophobic motif Ser473 phosphorylation following induction of DSBs in the DNA. PKB in turn provides a prosurvival signal for the cell by affecting DNA damage-induced transcription. These results highlight the role of DNA-PK in defining crucial PKB functions in the DNA damage response.
RESULTS

Regulation of PKB Phosphorylation on Ser473
and Irradiation-Induced Apoptosis in Response to Induction of DNA DSBs PKB is activated by various forms of DNA damage and influences cell-cycle and apoptosis parameters, promoting survival. Entrance to a repair or a cell death program is affected by the extent of DNA damage. To determine the range of DNA damage that activates PKB, we titrated doses of g irradiation (g-IR) applied to HUVEC cells from 1 to 30 Gy. We observed a proportional increase in DNA DSBs by visualizing the Ser139 phosphorylation of the histone variant H2AX (gH2AX) ( Figure 1A ). gH2AX forms foci over large chromatin domains surrounding a DNA break (reviewed in Thiriet and Hayes, 2005 ). An early event initiating the IR-induced apoptosis is the loss of the mitochondrial membrane potential, DJ (Taneja et al., 2001) . Employing a FACSbased assay, we assessed the apoptotic fraction of cells by Figure 1 . g-IR-Induced PKB Activation and Apoptosis HUVEC cells were g irradiated at indicated doses. After 30 min, cells were analyzed by immunofluorescence for histone H2AX Ser139 phosphorylation (A). After 24 hr, apoptosis was measured by FACS analysis using the specific mitochondrial dye DiIC1 (5) . This reagent allows measurement of the mitochondrial membrane potential (DJ). M1 represents viable cells, and M2 represents apoptotic cells (B). PKB Ser473 and Thr308 phosphorylation was analyzed 30 min after g-IR by western blotting (C). HUVEC cells were g irradiated with 3 Gy, and PKB Ser473 and Thr308 phosphorylation was analyzed at indicated time points (D). (E) Schematic representation of PKB Ser473-P regulation and DNA damage-induced apoptosis derived from the quantitation of data from (A), (B), and (C).
measuring DJ. This population increased from 10% to 20% at lower doses of irradiation and to $50% when cells were irradiated with 30 Gy g-IR ( Figure 1B ). PKB Ser473 was phosphorylated 30 min post-IR (3 Gy) and remained phosphorylated 240 min after irradiation ( Figure 1D ). PKB phosphorylation correlated with increase in number of DSBs at lower doses of g-IR (1 to 10 Gy). At 30 Gy, however, PKB Ser473 phosphorylation was less than at lower doses ( Figure 1C ). Combined, these data lead us to consider PKB phosphorylation after g-IR as an antiapoptotic mark or a molecular switch (Figure 1E) , whereby cellular survival is favored over IR-induced apoptosis, depending on the dose applied.
PKB Activation and Ser473
Phosphorylation in Response to DNA Damage Are DNA-PK Dependent Genotoxic stress response pathways rely on PIKKs as proximal response elements. As DNAPKcs is activated following its recruitment to the DSBs (Uematsu et al., 2007) , it may be responsible for PKB Ser473 phosphorylation in the context of DNA damage. To test this hypothesis, we compared g-IR-and insulin-induced PKB Ser473 phosphorylation in HUVEC cells. DNA-PKcs was specifically inhibited employing a small molecule inhibitor NU7026 (Leahy et al., 2004) . NU7026 inhibited in vitro DNA-stimulated phosphorylation of PKBa Ser473 by DNA-PK; however, it had no effect on the in vitro kinase activity of PKBa (see Figures S1A and S1B available online). A general PI3K inhibitor LY294002 was used as a control. LY294002 pretreatment prevented PKB Ser473 phosphorylation in both stimulating situations. In cells pretreated with NU7026, PKB was phosphorylated only in response to insulin stimulation, and its g-IR-induced phosphorylation was abolished (Figure 2A ). These results supported our hypothesis that generation of DSBs is a specific signal for DNA-PKcs to phosphorylate and activate PKB. To test this further, we measured the phosphorylation of both activating residues in PKB ( Figure 2B ) as well as the kinase activity of PKB ( Figure 2C ) following g-IR of untreated or of NU7026 and LY294002 pretreated cells. Appropriately, the g-IR-induced increase in both PKB kinase activity (6-to 7-fold) and phosphorylation of the PKB Ser473 and Thr308 was inhibited by the NU7026 and LY294002 pretreatments, arguing that the kinase activity of DNA-PKcs is necessary for DNA damage-induced activation of PKB. To test the specificity of the effect of DNA-PKcs inhibition on PKB phosphorylation after g-IR, we knocked down DNAPKcs using siRNA. In full support of our data from the NU7026 studies, PKB phosphorylation on both Ser473 and Thr308 was abolished in irradiated cells depleted of DNA-PKcs ( Figure 2D ).
Ser473-Phosphorylated PKB Forms Nuclear Foci after g-IR and Interacts and Colocalizes with DNA-PKcs It may be a common feature of the PIKK family members that these kinases select their substrates based on induced proximity (reviewed in Abraham, 2004) . As DNA-PKcs recruitment to the DSBs is crucial for its subsequent autophosphorylation and activation, we investigated whether endogenous PKB localizes in the vicinity of DSBs and active DNA-PK. By immunoprecipitation and western blotting, we detected increased endogenous DNAPKcs-PKB complex formation after irradiation, but not in irradiated cells that were pretreated with NU7026 or wortmannin. Ethidium-bromide treatment of immunoprecipitates from irradiated cells did not disturb the DNA-PKcs-PKB interaction; however, it caused the release of Ku70/80 that was found to coimmunoprecipitate with DNA-PKcs-PKB. This indicates PKB complexes with the DNA-PK holoenzyme rather than free, inactive DNA-PKcs. ( Figure 2E ). We then visualized active PKB (phosphorylated on Ser473) together with DNA-PKcs in g-irradiated HUVEC cells as well as HUVEC cells treated with NU7026 prior to irradiation. Strikingly, Ser473-P immunofluorescent staining revealed distinct foci restricted solely to the nucleus of irradiated cells. Moreover, the foci colocalized with DNA-PKcs immunofluorescent staining (see enlargement and colocalization quantification, Figure 3A ). NU7026 pretreatment completely abolished PKB Ser473 phosphorylation and therefore the formation of active PKB foci, but had no effect on the nuclear localization of DNA-PKcs ( Figure 3A) . As the Ser473-P foci were reminiscent of the gH2AX foci that mark DSBs, we performed a further set of localization experiments visualizing the Ser473-P of PKB together with gH2AX, again in g-irradiated HUVEC cells or cells treated with NU7026 prior to irradiation. The g-IR-induced nuclear Ser473-P foci were found to colocalize with the DSBs (see enlargement and colocalization quantification, Figure 3B ). The DNA-PKcs inhibitor pretreatment, as in our previous experiments, prevented PKB phosphorylation following irradiation, but had no effect on the proper gH2AX foci formation ( Figure 3B ). Biochemical fractionation experiments confirmed the increase in nuclear Ser473-P after irradiation in untreated but not NU7026-treated cells, while the total PKB levels remained unchanged ( Figure 3C ). Furthermore, perinuclear and nuclear PDK1 were detected in irradiated HUVEC cells ( Figure S3 ). Overall, our biochemical and localization studies revealed the existence of an exclusively nuclear, active pool of PKB after g-IR. This Ser473-phosphorylated PKB is concentrated in regions surrounding the DSBs, where it colocalizes and interacts with DNA-PK.
PDK1 and DNA-PK Are the Physiological PKB Kinases in the DNA Damage Response PDK1 plays a central role in activating AGC kinases, but its role in the regulation of PKB in the DNA damage response by Thr308 phosphorylation is not yet documented. To address this issue unambiguously, we made use of ES cells in which both copies of the PDK1 gene were disrupted. In these cells, there is no detectable IGF1-induced PKB Thr308 phosphorylation (Williams et al., 2000) . Phosphorylation of PKB Thr308 and Ser473 in PDK1 proficient (PDK1
) cells was measured 30 min after an IR dose of 3 Gy of g-IR. In the PDK1 +/+ cells, . Whole-cell lysates were analyzed for both activating phosphorylation sites on PKB, Ser473, and Thr308 (B). PKB was immunoprecipitated using Ab10, and its kinase activity was measured in vitro. Data are represented as means ± SD of duplicate determinants (C). (D) HUVEC cells were transfected with siRNA against DNA-PKcs, or control nonsilencing siRNA (fluorescein, siFluo). At 48 hr after transfection, cells were treated with 3 Gy g-IR and whole-cell lysates were analyzed 30 min postirradiation. HUVEC cells were treated with 3 Gy g-IR following pretreatment with NU7026 as in (A) and wortmannin (50 mM, 30 min). At 30 min postirradiation, whole-cell lysates were analyzed as Input, and PKB was immunoprecipitated with Ab10 and the immunoprecipitates were probed for DNA-PKcs and Ku70/80 (E). Immunoprecipitates from irradiated cells were treated with 400 mg/ml ethidium bromide in the lysis buffer ([E], right).
both residues were efficiently phosphorylated. This corresponded to an increase in phosphorylation of GSK3a at Ser21, which we took to be a measure of PKB activity. In the PDK1
À/À cells, however, phosphorylation of Thr308 after g-IR was not detected. Although DNA-PKcs was active in these cells, as measured by p53 phosphorylation (data not shown), phosphorylation of Ser473 was lower than in wild-type cells. This was further reflected in the lack of phosphorylation of GSK3a ( Figure 4A ). Having found immediate negative effects of DNA-PKcs inhibition or knockdown on PKB regulation after DNA damage, we sought evidence of a role for DNA-PK as a bona fide PKB activator in DNA-PKcs knockout cells. We isolated and cultured primary prostate epithelial cells from DNA-PKcs knockout mice harboring a mutation in the DNA-PK catalytic subunit gene (Gao et al., 1998) . DNA-PKcs proficient (DNA-PKcs +/+ ) or deficient (DNA-PKcs À/À ) cells were irradiated with 3 Gy g-IR or as a control stimulated with insulin, and the phosphorylation status of PKB and GSK3a was examined 30 min later. In irradiated or insulin-stimulated DNA-PKcs +/+ cells, both Ser473 and Thr308 of PKB were phosphorylated and PKB active in terms of Immunofluorescence staining for Ser473-P of PKB and DNA-PKcs (Ser473-P, green; DNA-PKcs, red; DNA in the merged images, blue; and colocalization of Ser473-P and DNA-PKcs, yellow) (A), or Ser473-P and gH2AX (Ser473-P, green; gH2AX, red; DNA in the merged images, blue; and colocalization of Ser473-P and gH2AX, yellow) (B) in HUVEC cells 30 min after 3 Gy g-IR treatment. The images are representative of the nuclear stainings observed in the experiments. The colocalization quantification was obtained using Imaris Coloc software with the intensity threshold for analysis set at a 150 cutoff for both channels (green channel, PKB and red channel, DNA-PKcs in [A]; green channel, PKB and red channel, gH2AX in [B] ). The numbers represent percent of region of interest (ROI) material of the PKB channel above threshold colocalized with the DNA-PK or H2AX channels in the ROI, respectively. (C) HUVEC cell lysates 30 min after 3 Gy g-IR treatment were fractionated to nuclear (N) and cytosolic (C) fractions and subcellular distribution of Ser473-P was analyzed by western blotting.
GSK3a phosphorylation. In clear contrast, no increases in phosphorylation of the PKB activating residues or GSK3a were observed after irradiation of DNA-PKcs À/À cells. Insulin stimulation promoted PKB activation and GSK3 phosphorylation in DNAPKcs À/À cells, indicating they retain an intact insulin pathway ( Figure 4B ). Altogether, irradiation-induced phosphorylation and activation of PKB were completely abolished in the context of either PDK1 or DNA-PKcs knockout. Thus, the integrity of PDK1 and DNA-PK kinases appears crucial for successful PKB activation in response to DNA damage.
Cells Lacking PKBa but Not PKBb and PKBg Resemble the DNA-PK-Deficiency Radiosensitive Phenotype DNA-PKcs knockout MEFs are radiosensitive (Lieber et al., 2003) . If the radiosensitivity of these cells is in part due to inefficient activation of PKB, we hypothesized that PKB knockout MEFs would phenocopy DNA-PKcs knockout. To test this, we 
R)
were treated with 10 Gy g-IR, and 36 hr after irradiation apoptosis was measured by a FACS-based DiIC1 (5) assay. Data are represented as means ± SD of triplicate determinants. The differences in mean values of the treatment groups were statistically significant as determined by 1-way ANOVA test. The asterisks mark groups with the indicated P value determined by the Holm-Sidak method comparing the untreated and g-irradiated groups of the same genotype. MEFs proficient (DNAPKcs
) (E) in DNA-PKcs were treated with 5 mM doxorubicin or with 100 nM insulin for the indicated times and analyzed for PKB phosphorylation on Thr308 and Ser473. The graphs present quantified Thr308-P and Ser473-P levels normalized to internal PKB controls. Figure 4C) . Overall, the apoptosis data suggest that PKBa communicates the prosurvival signal emanating from DNA-PK at the DSBs. Of note, PKBb and PKBg were expressed in the MEFs studied ( Figure S2A ) and a Ser473-P signal was detected after DNA damage in cells lacking PKBa ( Figure S2A ). Moreover, Ser473-P signal detected by immunofluorescence in PKBa À/À MEFs revealed uniform Ser473-P distribution throughout the cell, failing to form nuclear foci observed in both PKBa +/+ and PKBb/g À/À MEFs ( Figure S2F ). This suggests that PKBa is not selectively phosphorylated and activated after DNA damage but rather that the PKBa isoform acts antiapoptotically in the DNA damage response. PKB was activated in a DNA-PKcs-dependent manner following DNA damage and influenced cell survival (Figures 2 and 4) . We compared DNA damage-induced PKB activation to that following hormone stimulation in DNA-PKcs wild-type and knockout MEFs. DNA-PKcs +/+ and DNA-PKcs À/À MEFs were treated with doxorubicin (Dox), a topoisomerase II inhibitor widely used as an anticancer drug, or insulin. Doxorubicin induced PKB phosphorylation on both Thr308 and Ser473 in a manner similar to g-IR. Interestingly, two peaks of PKB phosphorylation were observed, a more prominent peak after 30 min of doxorubicin treatment and a smaller peak at 240 min. Insulin induced a more robust PKB phosphorylation 15 min after stimulation than doxorubicin at any time point in the experiment ( Figure 4D ). Doxorubicin-induced PKB activation was abolished in DNA-PKcs À/À MEFs throughout the time course, arguing for a loss of PKB phosphorylation and not a delay. DNA-PKcs
MEF response to insulin stimulation was, however, comparable to that of wild-type cells ( Figure 4E ). Notably, in the ATM knock- ; ATR À/À ) MEFs, there was no defect in PKB Ser473 or Thr308 phosphorylation ( Figure S4A ). This underlines the specificity of DNA-PK, among the DNA damage-responsive PIKKs, for PKB regulation. We further tested MEFs proficient (ric +/+ ) or deficient (ric À/À ) in rictor, a defining component of the mTORC2, for PKB Ser473 and Thr308 phosphorylation. Both Ser473 and Thr308 were phosphorylated in ric +/+ and ric À/À cells after genotoxic treatment. Somewhat reduced Ser473-P and Thr308-P signal was detected in ric À/À MEFs, presumably as a consequence of already compromised steady-state PKB phosphorylation in these cells. As a control, no PKB phosphorylation was detected in insulin-treated ric À/À cells ( Figure S4B ). Figure 5B ). Furthermore, grouping of those genes according to transcription factor regulation indicated a prominent enrichment of p53-regulated genes ( Figure 5C ). No significant changes were noted in Myc or p53 mRNA levels in these experiments ( Figure S4 ). As the misregulation of p21 seemed to be a recurrent motif in several types of analysis performed, we analyzed and validated the changes in p21 mRNA in an independent real-time PCR assay ( Figure 5D ). In addition, the protein levels of p21 were found to change correspondingly, i.e., there was a 4-to 5-fold increase in p21 protein levels 4-24 hr after IR in both PKBa +/+ and PKBa Figure 2) . In both NU7026 and LY294002 pretreated cells, p21 protein remained at basal levels, in contrast to irradiated cells, where there was an increase in p21 protein ( Figure 6B ). As was previously reported (Kachnic et al., 1999) , we also detected increased p21 protein 4-24 hr after IR in DNA-PKcs +/+ MEFs. DNA-PKcs À/À cells were low in p21 with minor changes during the period of irradiation ( Figure S6A ), similar to PKBa knockout MEFs (see Figure 6A) . Overall, these results indicate that PKBa participates in the p53-regulated gene expression program and has a direct effect on p21 regulation after DNA damage. This may explain, at least in part, why PKBa is important for survival after DNA damage.
Mice Deficient in PKBa Show an Attenuated p21
Response to g-IR and Suffer from Increased DNA Damage-Induced Apoptosis In cell culture, PKBa is important for the regulation of p21 and for survival after g-IR (Figures 4, 5 , and 6 and Figure S2 ). To determine the in vivo contribution of PKBa to the transduction of DNA damage signal to p21, we studied p21 and apoptotic responses in PKBa knockout mice. mRNA levels of p21 were higher in PKBa +/+ mice kidney and spleen 8 hr after a single dose of whole-body irradiation and reverted to near basal levels 24 hr after treatment. In PKBa À/À mice, there was a very minor increase in p21 mRNA, peaking only at 24 hr after irradiation and only slightly above basal ( Figure 7A and Figure S7A ). In wild-type mice, p21 protein levels had increased about 2.5-fold by 8 hr post-IR and remained elevated at 24 hr. There were no significant changes in the initially low levels of p21 in knockout mice tissues. Importantly, we also observed a decrease in p53 protein in irradiated PKBa À/À mice tissues compared with PKBa +/+ ( Figure 7C and Figure S7C ). Protein levels of cleaved PARP, as a mark of apoptosis induced by g-IR, were higher in PKBa À/À mice tissues than in the wild-type ( Figure 7D ). Finally, we validated the immunoblotting results by visualizing apoptotic cells in mouse tissues employing a TUNEL assay. TUNEL-stained cells were recorded in particular areas of the spleen, with a significantly higher frequency in PKBa À/À than in PKBa +/+ mice. Quantitation of TUNEL staining showed an $3-fold increase in the mean number of apoptotic cells per selected area in knockout mice, and an $1.3-fold increase in the wild-type 24 hr after irradiation ( Figure 7E ). Less striking differences Whole-cell lysates were analyzed for p21 protein levels by western blotting. The graph presents p21 protein levels in cells of all three genotypes at the indicated times normalized to internal tubulin controls (A). HUVEC cells were treated with 3 Gy g-IR following pretreatment with the NU7026 (10 mM, 60 min) or LY294002 (50 mM, 30 min) inhibitors. Whole-cell lysates were analyzed for p21 protein levels by western blotting (B). Figure S8 ). Altogether, these in vivo results support our observation in cell culture that PKBa has a marked impact on survival after DNA damage due to an effect on transcriptional regulation of p21 and irradiationinduced apoptosis.
DISCUSSION
In the present study we provide a detailed analysis of the modulation of PKB activity and its impact on the DNA damage response in mammalian systems. We report a regulatory network in which DNA-PKcs specifically activates PKB by Ser473 phosphorylation after induction of DSBs. Activated PKBa apparently regulates crosstalk to the p53-dependent DNA damage-induced gene expression program.
Two different PKB states can be distinguished (phosphorylated versus dephosphorylated) in the DNA damage response, dependent upon the amount of DNA damage (Figure 1 ). These PKB states probably reflect the destiny of the cell population with respect to survival after DNA damage. Besides using the DNArepair program and halting cell-cycle progression, cells also respond to DNA insults by undergoing programmed cell death. Our results suggest that PKB is part of this regulatory mechanism. This is further supported by the demonstration that PKB is activated directly by DNA-PKcs, a DSB responsive enzyme directly recruited to the damaged DNA and involved in DNA repair and DNA damage-induced signaling (Figures 2, 3, and 4) .
We have confirmed that PDK1 is responsible for PKB Thr308 phosphorylation in the DNA damage response using a knockout ES cell model (Figure 4) . DNA-PK phosphorylates HM Ser473 of PKB. However, we also noted similar patterns in T loop Thr308 phosphorylation after g-IR (DNA-PKcs-dependent induction following irradiation although PDK1 activity was unaffected by inhibition of DNA-PKcs [data not shown]) (Figures 2 and 4) . This indicates that the two phosphorylation steps are tightly connected and interdependent. This may be due to conformational changes in PKB induced by phosphorylation (Yang et al., 2002) . It was also described previously that Ser473 phosphorylation precedes Thr308 phosphorylation, and proposed that this is important for the phosphorylation of PKB by PDK1 (Scheid et al., 2002) .
A preactivation complex of PKB and PDK1 was reported recently (Calleja et al., 2007) . PDK1 was shown to shuttle to the nucleus following mitogen stimulation (Scheid et al., 2005) . We have detected perinuclear and nuclear PDK1 in irradiated HUVEC cells ( Figure S3 ). It is therefore plausible that a nuclear PDK1 pool also exists after DNA damage, as there is one of PKB and DNA-PKcs. This provides a setting with an increased local concentration of all three proteins, which is clearly a prerequisite and a stimulus for phosphorylation events to take place, especially as 3 0 -phosphorylated inositides and class I PI3K have been reported to be present in the nucleus (reviewed in Irvine, 2003) . Feng et al. (2004a) isolated DNA-PKcs from the membrane fraction of HEK293 cells and showed in vitro kinase activity of the purified active kinase toward PKB Ser473. The authors found impaired PKB phosphorylation after starvation and insulin stimulation in cells lacking DNA-PKcs. The cells used by Feng and colleagues were serum starved (quiescent), while in our current experiments they were serum sufficient (cycling). Thus the pathways operating under these two cell states appear to be different. In terms of the classical insulin response we now consider, with all the new data since 2004, that DNA-PK does not play a role in insulin-promoted activation of PKB in serum-sufficient cells. It is therefore unclear whether DNA-PKcs present in the lipid rafts (Lucero et al., 2003) plays a role outside of the DNA damage response in facilitating rapid PKB Ser473 phosphorylation following nutrient starvation.
gH2AX foci are a cytological manifestation of DSB induction that marks the site of the break, and many components of the DNA damage response form IR-induced foci colocalizing with gH2AX. Although accumulation of DNA-PKcs at the DSBs was not obvious, the Ser473-P PKB foci we discovered were colocalized with the gH2AX staining (Figure 3 ). This finding is important for several reasons. First, it places active PKB at the site of DNA damage, which of course has implications for its regulation by DNA-PKcs. Second, this may help to explain mechanistically why PKB is no longer phosphorylated at a very high g-IR dose because PKB recruitment to the DSB and to DNA-PKcs may be affected in some way by the vastly dense and complex DNA damage generated by a high dose of irradiation.
p21 is a vital regulator of cell-cycle progression after DNA damage. The deregulation in p21 expression we observed in PKBa knockout systems (both cell culture and mouse model) following g-IR (Figures 5, 6 , and 7) was likely due to the effects of PKBa expression and activation on the p53-regulated gene expression program ( Figure 5 ). This possibly occurs at two levels. As p53 does not physically engage with DSBs, PKB may be feeding into p53 as a ''messenger'' from the DNA lesions. On the other hand, we detected diminished p53 basal protein levels, but no changes in its mRNA levels in PKBa knockout cells and mice ( Figure 7 and Figure S5 ). As a consequence, a whole array of genes was misregulated in the DNA damage response in cells lacking PKBa ( Figure 5 ). p53 is linked in an autoregulatory negative feedback loop with its cellular antagonist Mdm2, to stringently control p53 levels (reviewed in Levine et al., 2006) . Mdm2 is a phosphorylation target of PKB (Feng et al., 2004b; Mayo and Donner, 2001 ) but also a reported target of GSK3 in g-IR response (Kulikov et al., 2005) . We have demonstrated GSK3 phosphorylation dependent on DNA-PK-and PDK1-mediated activation of PKB (Figure 4) . Misregulation of Mdm2 downstream of PKB was therefore likely responsible for the impaired p53 response to irradiation in the absence of PKBa. Furthermore, we found that upregulation of p21 following DNA damage was dependent on PKBa and DNA-PK (Figures 5, 6 , and 7 and Figure S6 ). Several conflicting reports regarding the role for DNA-PK in p53-dependent pathways in the DNA damage response exist (Burma et al., 1999; Kachnic et al., 1999) . Our data contribute to the current knowledge on this important issue.
the TUNEL assay with the ImageAccess software. Apoptotic cells were counted in three areas per slide at 203 magnification and expressed relative to the analyzed surface area. The differences in mean values between the treatment groups were statistically significant as determined by 1-way ANOVA test. The asterisk marks the group with the indicated P value determined by the Holm-Sidak method comparing untreated and g-irradiated groups of the same genotype.
We focused on p21 as its regulation after g-IR was normalized in PKBa knockout MEFs by reintroducing PKBa (Figures 5 and  6 ), arguing for a direct effect. Finally, the regulation of p21 by PKB in the DNA damage response described here reflects the IGF1-promoted muscle cell survival pathway through PKB-mediated induction of p21 (Lawlor and Rotwein, 2000) . PKB therefore represents a signaling node at which a prosurvival signal is created following input from both the plasma membrane and the nucleus. Furthermore, as PKB isoforms have already been shown to have various distinct functions (reviewed in Dummler and Hemmings, 2007) it is conceivable that PKBa has a specific role in promoting survival after DNA insult.
Our in vivo experiments provide a link between PKBa signaling and survival in the face of genotoxic insult. Recent studies found early tumorigenic abnormalities to induce DNA damage signaling activation (Bartkova et al., 2005; Gorgoulis et al., 2005) . Moreover, doxorubicin induces PKB activation and PKB-regulated gene expression in mice (Ichihara et al., 2007) . p21 knockout (p21 À/À ) mice develop significantly more metastatic tumors after g-IR than p21 heterozygous (p21 À/+ ) mice (Engelman et al., 2007) . Thus PKB remains an attractive target for intervention in the development and treatment of malignancies, although with caution, as cancer therapies involving DNA damage have potential to promote PKB activation and ultimately a survival signal. It will, therefore, be necessary to identify further PKB functions in the nucleus of irradiated cells. These would definitely provide directions for studies of the mechanism of PKB action after induction of DSBs, as well as opportunities for pharmacological interference.
In sum, the results presented here demonstrate that PKBa plays a role in the DNA damage response, a function that may help advance our understanding of how the signal from the damaged DNA is translated to a prosurvival signal at the nuclear level. DNA-PK plays an indispensable role in activating PKB following induction of DSBs. Further understanding of the mechanism(s) of the DNA damage induction of PKB may also hold therapeutic potential in cancer research, besides improving our knowledge of the DNA damage response at the molecular level.
EXPERIMENTAL PROCEDURES Materials
Antibodies were obtained from the following sources: Ser473-P Akt, Thr308-P Akt, Ser21/9-P GSK3a/b, GSK3b, Ser15-P p53, and human p21 were from Cell Signaling Technologies; Ser139-P H2AX and Myc were from Upstate; Thr229 p70S6K was from Abcam; DNA-PKcs, Ku70, and Ku80 were from NeoMarkers; mouse p21 was from Oncogene; and PDK1 was from BD Biosciences. Anti-HA 12CA5, anti-myc 9E10 and anti-a-tubulin YL1/2 antibodies were used as hybridoma supernatants. PKB isoform-specific antibodies were obtained by immunizing rabbits with isoform-specific peptides, and those were previously described (Yang et al., 2005) , as well as PKB antibody Ab10 (Hill and Hemmings, 2002) . Doxorubicin, insulin, NU7026, and LY294002 were from Sigma.
g-IR Treatments
Cells were plated at consistent densities 24 hr prior to treatments. Following single-dose g-IR treatment in a TORREX 120D (Astrophysics Research Corp.) instrument at 5 mA/120 kV and 0.13 Gy/s, cells were left to recover at 37 C for the indicated times before analysis. Single-dose total-body irradiation of $10 week-old female mice was carried out in the same instrument, after which the mice were caged separately before being sacrificed at the indicated times after treatment. The mice were monitored for changes in behavior or appearance during the recovery period.
Quantitation of DNA Damage-Induced Apoptosis, Cell Growth, and Viability Measurements Apoptosis was assessed by measuring changes in the mitochondrial intermembrane potential (Dc) by a FACS-based method, using a cationic lipophilic dye DilC1(5) assay kit (Invitrogen). Consistent numbers of cells were plated 24 hr prior to DNA-damaging treatment, and at the indicated times after treatment detached cells from supernatants together with attached cells were labeled and processed according to the manufacturer's protocol, and analyzed using a FACSCalibur flow cytometer (Becton Dickinson). For cell growth/viability experiments, cells were harvested daily and analyzed by trypan blue dye exclusion method with the Vicell CoulterCounter (Beckman).
Microarray Analysis of DNA Damage-Induced Transcriptional Changes Total RNA was extracted from triplicate experiments using TRIzol (Invitrogen) according to the manufacturer's instructions. cDNA was synthesized from 2 mg total RNA using the SuperScript cDNA system (Invitrogen) and used to generate biotin-labeled cRNA with the Enzo BioArray High Yield RNA transcript labeling kit (Enzo Diagnostics, USA). After fragmentation, 10 mg cRNA was hybridized with the mouse MOE430A 2.0 GeneChips (Affymetrix, Santa Clara, USA) following the protocol recommended by Affymetrix. Gene chips were then scanned in an Affymetrix 2500 scanner, and gene expression was analyzed using the GeneSpring Software 7 (Silicon Genetics). The data were submitted to one-way ANOVA (a value of p < 0.05 was considered significant). Microarray data are deposited in GEO (GSE9146).
SUPPLEMENTAL DATA
Supplemental Data include eight figures and Supplemental Experimental Procedures and can be found with this article online at http://www.molecule.org/ cgi/content/full/30/2/203/DC1/.
